Introduction
Bacillus subtilis is known for its ability to enter several stochastically determined gene expression states that increase fitness in the face of changing environments (Dubnau and Losick, 2006; Veening et al., 2008; Losick and Desplan, 2008) . Examples include spore and biofilm formation and the switch between motile and non-motile planktonic states. Also intensively studied is the K-state (Berka et al., 2002) , in which cells are competent for transformation and also non-growing and thus tolerant of several antibiotics (Hahn et al., 2015) . ComK, the master regulator of the K-state, is regulated by a proteolytic complex of ClpP and ClpC that is targeted to degrade ComK by direct binding to the adapter protein MecA (Turgay et al., 1997 (Turgay et al., , 1998 . ClpC, ClpP and MecA have additional important activities. For example, clpP mutants are auxotrophic and non-motile, while mecA and clpC mutants overexpress eps, which encodes the synthesis of a polysaccharide matrix component of B. subtilis biofilms (Liu and Zuber, 1998; Msadek et al., 1998; Prepiak et al., 2011) .
The phosphorylated form of the transcription factor Spo0A is required for the expression of eps (Hamon and Lazazzera, 2001; Kearns et al., 2005) and for the expression of early sporulation genes (reviewed in Piggot and Hilbert [2004] ). Although Spo0A-P directly activates early sporulation genes, the effect on eps is indirect, mediated by activation of the anti-repressor gene sinI (Bai et al., 1993; Shafikhani et al., 2002) . We have reported that the overexpression of mecA downregulates the transcription of sinI, and thus of eps, and also prevents the transcription of the Spo0A-Pdependent gene spoIIG. It was further shown that the effect on eps requires the presence of ClpC . MecA was shown to interact directly with Spo0A in vitro without interfering with its phosphorylation. Unexpectedly, the interaction of MecA with Spo0A, unlike its interaction with ComK, does not result in the degradation of Spo0A in vivo, nor are ClpC, MecA and ClpP able to degrade Spo0A in vitro. It was proposed that binding to MecA in complex with ClpC might inactivate Spo0A-P either by sequestration or by preventing it from activating transcription when it binds to target promoters . In either case, it seems likely that MecA and ClpC can act not only as part of a proteolytic complex, but also by nondegradative interaction with an important transcriptional activator.
Although, MecA and Spo0A interact in vitro, it is not clear how this is related to the situation in vivo. For example, the MecA-Spo0A interaction was observed with purified proteins in the absence of ClpC, while the in vivo effect of MecA overproduction on eps requires ClpC. In the present study, we show that while MecA affects promoters that are activated by Spo0A-P, those that are repressed are not de-repressed, suggesting that MecA and ClpC do not act by off-target sequestration of Spo0A-P. We recapitulate this effect in vitro using transcription from the Spo0A-P-activated promoter of spoIIG as a model. Our data reveal that MecA alone has no effect, but instead cooperates with ClpC to down-regulate transcription. The MecA/ClpC complex most likely inhibits transcription by associating with Spo0A-P while bound to its target promoter. The MecA/ ClpC complex thus limits the activity of Spo0A-P as an activator, consistent with our previous suggestion that MecA is a buffer protein, controlling stochastic transitions to a variety of developmental states .
Results
MecA inhibits Spo0A-P-activated promoters in vivo It has been proposed that MecA, in cooperation with ClpC either binds to Spo0A-P off-target, preventing access to DNA, or assembles with Spo0A-P while bound to promoters, preventing activation . Genes that are positively regulated by Spo0A-P should be inhibited by overproduction of MecA and de-repressed by the absence of mecA if either offtarget or on-target inhibition were the mechanism. In contrast, genes that are negatively regulated should permit a distinction between the two models. If off-target sequestration were the mechanism, then these genes, which are already repressed, should be unaffected or even further inhibited by the inactivation of mecA, while they should be dramatically de-repressed when MecA is overproduced. Because MecA is known to bind Spo0A-P, it is possible that a minor off-target sequestration effect would be manifested even if this were not the normal mechanism of MecA control.
To test this, promoters reported to be positively or negatively regulated by Spo0A-P were fused to the firefly luciferase reporter coding sequence (Molle et al., 2003; Fujita et al., 2005) . It has been shown that this reporter largely reflects the rate of transcription rather than the accumulation of gene product . To validate the fusion constructs, we first confirmed their dependencies on spo0A during growth in Schaeffer's sporulation medium (DSM). As expected, promoters known to be positively regulated by Spo0A-P, such as PspoIIG, PspoIIE and PspoIIA, show negligible activities in a Dspo0A background, while PabrB, Pmed and PyuxH, known to be repressed, had notably increased activities in the spo0A mutant as the cultures approached stationary phase (abrB and med) or shortly thereafter (yuxH), coinciding with the timing of Spo0A-P accumulation (Supporting Information Fig. S1 ).
We next determined the effects of mecA deletion and overexpression on each of these promoters. The overexpression construct was a pUB110 multicopy plasmid carrying the mecA coding sequence (mc-mecA) under control of a constitutive plasmid promoter, which has been shown by Western blotting to overproduce the MecA protein (not shown). The three positively regulated sporulation promoters had higher levels of activity in the DmecA strain (Fig. 1A-C) . Although expression began at or shortly after the time of transition to stationary phase (T 0 ) in both the wild-type and DmecA strains, the inactivation of mecA permitted expression to continue longer and reach a higher rate. The three negatively regulated promoters were not further repressed by the absence of MecA (Fig. 1D-F) , at least shortly before and after T 0 . Figure 2 shows the effects of mecA overexpression; the three positively regulated promoters were completely turned off ( Fig. 2A-C) , while the negatively regulated promoters were not dramatically derepressed ( Fig. 2D-F ). It should be noted that in many experiments using the negatively regulated reporters we have noted characteristic fluctuations in the transcription rate early in exponential growth, before Spo0A-P has accumulated and similar variations are apparent in the Dspo0A background (Supporting Information Fig. S1 ). In Fig. 2D , the abrB promoter may be slightly de-repressed at T 0 , but is unaffected shortly thereafter, as the amount of Spo0A-P increases further. This slight de-repression was not seen in replicate experiments. The med rate curve ( Fig. 2E ) in the overexpressing strain is shifted slightly to later times but the amplitude is unaffected. Finally, the yuxH transcription rate (Fig. 2F ) is also unaffected. Replicate experiments have confirmed the lack of de-repression of these three promoters when MecA was overproduced. All six of these promoters are likely to be dependent for their regulation solely on direct binding of Spo0A-P (Strauch et al., 1990; Trach et al., 1991; Satola et al., 1992; York et al., 1992 ; Molle et al., 2003) ; no other regulator has been reported for them, except that PabrB is autoregulated (Strauch et al., 1989) . It is therefore likely that the effects of DmecA on these promoters are mediated by Spo0A-P, which is known to interact with MecA . These data strongly suggest that MecA does not exert its effects principally by off-target sequestration of Spo0A-P, but rather by interaction at the promoters with Spo0A-P.
Further evidence for this conclusion was obtained using the PspoIIG17 mutant promoter fused to luciferase. The spoIIG17 promoter carries a 5-nucleotide deletion that reduces the spacing between the 235 and 210 motifs of PspoIIG to the optimal 17 base pairs, rendering its in vitro transcription independent of Spo0A-P (McLeod and Spiegelman, 2005) . Supporting Information Fig. S2 shows that as expected, this promoter is expressed during exponential growth whereas no detectable expression of the wild-type promoter is observed, confirming its constitutive expression. Unlike the situation with the wild-type promoter (Fig. 2) , PspoIIG17 is expressed similarly in the presence and absence of mecA over-expression. Very similar results were obtained in a Dspo0A background (not shown). These data support the conclusion that the effect of MecA on spoIIG expression is dependent on Spo0A-P interaction with PspoIIG.
ClpC is necessary for MecA inhibition of Spo0A-P As noted above, the inhibition of eps transcription by MecA requires ClpC . If this requirement were general, we would expect that the inhibition of spoIIG transcription by overproduction of MecA would also require ClpC. Figure 3A shows that the inactivation of clpC has a similar, but more extreme effect than the absence of MecA; spoIIG expression (BD5872 and BD5904), C. PspoIIA-luc (BD5871 and BD5905), D. PabrB-luc (BD5875 and BD5908), E. Pmed-luc (BD5878 and BD5911) and F. PyuxH-luc (BD5876 and BD5909). Each strain was grown in DSM, and growth and luciferase activity were measured as described in Experimental procedures. Each panel displays the luciferase activity, plotted as relative luminescence units (RLU) per optical density at 600 nm (OD) versus time. A representative experiment from three independent trials is depicted with the black and grey curves representing each fusion in a wild-type or mecA background respectively. Entry into stationary phase (T 0 ) is denoted by a vertical dashed line.
initiates earlier and has a higher maximum rate of transcription. Most important, the introduction of DclpC into a MecA overproducing strain causes the expression of spoIIG to increase to the level of the DclpC mecA 1 strain. As expected, the deletion of clpC has no effect on the transcription of abrB (Fig. 3B) . Taken together, these data and previous findings support a model in which a complex of MecA and ClpC function together to limit the activity of Spo0A-P when bound to its DNA target, without degrading it.
ClpC and MecA inhibit spoIIG transcription in vitro
To further investigate the roles of ClpC and MecA, we used the Spo0A-P-dependent spoIIG promoter for in vitro studies. For these experiments, Spo0A was phosphorylated by incubation with ATP in the presence of KinA, Spo0F and Spo0B . This preparation of Spo0A-P activated transcription from PspoIIG and repressed transcription from PabrB, as expected (Supporting Information Fig. S3 ). MecA had no effect on transcription from PspoIIG, even at a nonphysiologically high concentration of 10 lM (Fig. 4) . These data support the conclusion, drawn earlier from Fig. 2 , that MecA cannot inhibit Spo0A-P by off-target sequestration. To investigate the effects of ClpC on spoIIG transcription, the protein was purified and its activity was confirmed by measuring ATP degradation in the presence and absence of MecA (Supporting Information Fig. S4 ). As reported previously (Turgay et al., 1997) , the AAA 1 protein ClpC has a very low intrinsic ATPase activity, which is dramatically activated in the presence of MecA. The ATPase activity of ClpC potentially confounds any attempt to explore the activities of ClpC in vitro, particularly in the presence of MecA. Also potentially Fig. 2 . The overproduction of MecA inhibits Spo0A-P activated genes. A. PspoIIE-luc (BD5870 and BD5985), B. PspoIIG-luc (BD5872 and BD5986), C. PspoIIA-luc (BD5871 and BD5987), D. PabrB-luc (BD5872 and BD5990), E. Pmed-luc (BD5878 and BD5993) and F. PyuxH-luc (BD5876 and BD5991). Each strain was grown in DSM, and growth and luciferase activity were measured as described in Experimental procedures. Each panel displays the luciferase activity, plotted as relative luminescence units (RLU) per optical density at 600 nm (OD) versus time. A representative experiment from three independent trials is depicted with the black and grey curves representing each noted fusion in a wild-type or mc-mecA background respectively. Entry into stationary phase (T 0 ) is denoted by a vertical dashed line.
problematic would be contaminating RNase or protease. Although our experiments suggested minimal contamination of the ClpC preparation by RNase (Supporting Information Fig. S5 ) or protease (Supporting Information Fig. S6) , we controlled for possible protease and RNase contaminations, as well as for ATPase by using transcription from PspoIIG17, described above. To minimize the possible impact of ClpC ATPase activity, we increased the concentration of ATP during transcription from 0.4 mM, which was used for the experiments shown in Fig. 4 , Supporting Information Figs S3 and S5, to 8 mM, thus decreasing the likelihood that this nucleotide would become limiting. Also, to allow the use of low concentrations of ClpC, we reduced the concentration of Spo0A-P to 50 nM, a level that still provided a robust transcription signal. Figure 5 shows the results of varying the concentration of ClpC, with and without 1 lM MecA, using the spoIIG and spoIIG17 templates. Panel A shows the results of a typical experiment and panel B shows the average of measurements from three independent replicates. Below 0.2 lM ClpC, no effect of ClpC or of ClpC 1 MecA was detected for the spoIIG17 template, indicating the absence of significant ATPase activity. Above that concentration, a small decrease of about 20% was evident. With the spoIIG template, ClpC alone exhibited a more pronounced effect, most obvious above 0.2 lM. In the presence of both MecA and ClpC, the inhibitory effect was greater at all concentrations and the shoulder evident with ClpC alone was absent. We conclude that MecA and ClpC work together to inhibit transcription. It is possible that ClpC by itself may have an effect on in vitro transcription.
Discussion
Although MecA and ClpC form a proteolytic complex with ClpP that targets ComK or the anti-adaptor protein ComS for degradation (Turgay et al., 1998) , it is now clear that ClpC and MecA can act together to limit transcriptional activation by Spo0A-P. This activity does not involve the degradation of Spo0A and at least in vitro, ClpP is not required. This is not the first ClpP-independent role for ClpC. For example, ClpC regulates the protein kinase McsB and together with either MecA or the adaptor protein YpbH, acts in vitro to disaggregate misfolded proteins (reviewed in [Elsholz et al., 2017] ).
When either clpC or mecA are deleted, the expression of spoIIG and eps increases (Figs 1 and 3 and Prepiak et al. [2011] ). Evidently, during normal growth, these promoters are partially repressed by the combined action of MecA and ClpC. Because the overproduction of MecA represses the transcription of both eps and of Spo0A-P-dependent spore genes, but has no effect in the context of a clpC deletion (Fig. 3 and Prepiak et al.
[2011]), we can conclude that the two proteins, which are known to directly interact, function in concert for the inhibition of transcription. The in vitro evidence supports and extends these in vivo findings. MecA alone has no effect, but together with ClpC is strongly inhibitory. Importantly, the overproduction of MecA does not relieve Spo0A-P mediated repression, excluding a model in Fig. 3 . ClpC is required for MecA inhibition of PspoIIG in vivo. A. Wild type (BD5872, black), DclpC (BD8326, blue), DmecA (BD5904, red), mc-mecA (BD5986, green) and DclpC mc-mecA (BD8424, orange) strains, all in a PspoIIG-luc background, were grown in DSM, and growth and luciferase activity were measured as described in Experimental procedures. Each panel displays the luciferase activity, plotted as relative luminescence units (RLU) per optical density at 600 nm (OD) versus time. A representative experiment from three independent trials is depicted. Entry into stationary phase (T 0 ) is denoted by a vertical dashed line. B. Same as in A, with wild type (BD5875, black) and DclpC (BD8328, grey) strains in a PabrB-luc background. Fig. 4 . MecA alone has no effect on spoIIG transcription in vitro.
Increasing concentrations, as indicated, of purified MecA were added to an in vitro transcription reaction containing 4 nM spoIIG template and 400 nM Spo0A-P. A representative image is displayed.
which MecA and ClpC prevent the binding of Spo0A-P to target promoters. Interestingly, both the in vivo (Fig. 2 ) and in vitro (Fig. 4) data suggest that MecA cannot inhibit Spo0A-P by simply binding to it. This stands in contrast to the situation with ComK. Although MecA targets ComK for degradation by ClpC and ClpP, excess MecA inhibits ComK even in the absence of ClpC (Turgay et al., 1997) . It may be that the binding of MecA to ComK blocks a DNA binding surface and that the association of MecA with Spo0A does not.
It is well established that MecA and ClpC assemble to form a complex containing hexamers of each protein (Kirstein et al., 2006; Mei et al., 2009; Wang et al., 2009 Wang et al., , 2011 Liu et al., 2013) . It seems plausible that this large assembly interacts with Spo0A-P due to the known affinity of Spo0A for MecA and that the entire assembly is targeted to promoters that bind Spo0A-P. A likely scenario is that this bulky assembly simply blocks the binding of RNA polymerase, which would not affect the transcription of genes that are repressed by Spo0A-P; in fact repression could well be enhanced. It is possible that ClpC contacts DNA or RNA polymerase and indeed a number of other bacterial AAA1 proteins are known to bind DNA, such as DnaA (Katayama et al., 2010) , the Lon protease (Karlowicz et al., 2017) and certain transcriptional activators like NtrC and PspF (Studholme and Dixon, 2003) . Interestingly, the eukaryotic proteosome, particularly the 19s ATPases have been implicated in playing a nonproteolytic role in transcription (see for example [Ferdous et al., 2002; Maganti et al., 2014] ). There is also precedence for a transcriptional regulator that binds to RNA polymerase but does not interact with DNA on its own. Spx activates or represses target promoters by contacting the C-terminal domain of the RNA polymerase a subunit (a-CTD) (reviewed by Antelmann and Helmann [2011] and by Zuber [2009] ). Repression is accomplished by blocking the interaction between an activator and the a-CTD. By itself, Spx probably does not bind stably to DNA, although it does so when part of an activation complex (Nakano et al., 2010) .
The K-state and spore formation are triggered by environmental signals, usually as cells transition to stationary phase. Although the decision to enter these developmental pathways is stochastic on the level of individual cells, the transition to development is in a sense deterministic on the population level, conditioned by factors such as quorum-sensing and nutrient A. ClpC at the indicated concentrations was added to an in vitro transcription reaction containing 4 nM spoIIG or spoIIG17 template, and 50 nM Spo0A-P, in the presence or absence of 1 lM MecA. Displayed are representative images from three independent replicates. B. Quantifications of the experiments such as the one described in A. Band intensities were normalized to the in vitro transcription reactions performed in the absence of ClpC and MecA. The curves are color coded as shown in the figure. The curves represent average determinations from three independent replicates, and error bars represent standard deviations. For points with no visible error bars, the error was less than 0.015. deprivation. We have proposed that MecA acts as a buffer-protein, reducing the probability that random fluctuations in the transcription of key regulators will cause growing cells to inappropriately enter developmental pathways . It may not be advantageous to reduce this probability to zero, because rare transitions may serve for bet-hedging. MecA and ClpC therefore adjust the transition rates within a range that maximizes fitness. In fact when mecA is deleted, Kstate cells and cells expressing an early spore gene appear inappropriately at a high rate during exponential growth . Interestingly, MecA and ClpC act in two entirely different ways to control the transcription of important developmental genes. Because ComK is required for its own transcription (van Sinderen and Venema, 1994) , MecA, ClpC and ClpP can act together to prevent the transcription of comK by degrading ComK (Turgay et al., 1997 (Turgay et al., , 1998 . The present work shows that ClpC and MecA repress the transcription of several Spo0A-P-dependent genes by a non-degradative mechanism. In both cases, these proteins act negatively, consistent with their proposed roles as buffers for stochastic transitions.
Experimental procedures
Bacterial strains, media and growth conditions Bacterial strains are listed in Supporting Information Table  S1 . Luria-Bertani (LB) liquid media and agar (Kearns et al., 2005 ) and Schaeffer's sporulation media (DSM) (Schaeffer et al., 1965) were prepared as previously described. Antibiotic concentrations used for B. subtilis were as follows: 5 mg ml 21 chloramphenicol (cm), 5 mg ml 21 erythromycin (ery), 20 mg ml 21 tetracycline (tet) and 100 mg ml 21 spectinomycin (spc). All genetic constructs were introduced into Bacillus strains using transformation (Albano et al., 1987) or transduction with SPP1 phage (Cozy and Kearns, 2010) as previously described. Bacteria were grown at 378C with aeration, and growth monitored by either in a Klett colorimeter or by measurement of optical density at 600 nm (OD 600 ). Construction of plasmids is described in the Supporting Information. Stellar (Clontech) competent cells were used for cloning. Ampicillin (amp) was used for plasmid maintenance in Escherichia coli at a concentration of 100 mg ml
21
. All chemicals and reagents, unless otherwise noted, were from Sigma-Aldrich.
Protein purification
MecA and ClpC were purified as described in Prepiak et al. . All phosphorelay proteins were purified as described in Carabetta et al. (2013) and Tanner et al. (2017) . B. subtilis His 6 -tagged RNA polymerase holoenzyme with bound r A was purified as previously described in Anthony et al. (2000) .
In vitro transcription
In vitro transcription was performed as previously described with modifications. Briefly, linearized template DNA was prepared by digesting pUCIIGtrpA and pUCIIG17trpA with PvuII to produce the 600 bp spoIIG fragment and digestion of pJM5134 with HindIII and EcoRI to produce the800 bp abrB fragment. All fragments were agarose gel purified and quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific). The in vitro transcription reaction was carried out by mixing of 4-10 nM template DNA (spoIIG, spoIIG17 or abrB), 400 mM ATP (unless otherwise noted), 5 mM GTP, 3 mCi a-32 P-GTP (Perkin Elmer), 20 units of Recombinant RNasin (Promega), with the indicated concentrations of Spo0A-P, MecA or ClpC in transcription buffer (10 mM HEPES, pH 8.0, 25 mM potassium acetate, 10 mM magnesium acetate, 1 mM dithiothreitol [DTT], 0.1 mg ml 21 Bovine Serum Albumin [BSA]) in a final volume of 16 ml. After incubation at 378C for 90 s, 2 ml of RNA polymerase (100 nM in transcription buffer) was added and incubated for 3 min at 378C. 2 ml of elongation mix (4 mM UTP, 4 mM CTP, 100 mg ml 21 of Heparin) was added, and incubated for five additional minutes at 378C. The reaction was stopped with 10 ml of stop buffer (2x TBE buffer, 7.0 M Urea, 0.1% bromophenol blue, 0.1% xylene cyanol). Samples were resolved on a 7 M Urea, 8% polyacrylamide gel and radiolabeled bands identified using a phosphoimager (Typhoon 9410, variable mode imager, Molecular Dynamics). Band intensities were quantified using ImageJ (Schneider et al., 2012) .
Luciferase assays
Luciferase assays were carried out as described previously . Briefly, Bacillus strains were grown in LB for 2 h, and then sub-cultured into DSM to a final OD 600 of 2. These suspensions were then diluted 20-fold into fresh DSM, and 200 ml of each dilution was added to a single well of a 96-well black plate (Corning), in duplicate. 10 ml of luciferin, final concentration 1.5 mg ml 21 (4.7 mM), was added to each well and plates were incubated at 378C with shaking in a PerkinElmer Envision 2104 Multilabel Reader equipped with an enhanced sensitivity photomultiplier for luminometry. The plate lids were heated to 388C to prevent condensation. Relative luminescence units (RLU) and OD 600 were measured at 1.5 min intervals. Each experiment was repeated at least three independent times.
